objective. Ventilator bundles encompass practices that reduce the risk of ventilator complications, including ventilator-associated pneumonia. The impact of ventilator bundles on the risk of developing ventilator-associated events (VAEs) is unknown. We sought to determine whether decreased compliance to the ventilator bundle increases the risk for VAE development.
In the United States,~800,000 patients are placed on mechanical ventilators each year. 1 These patients are at substantial risk for complications related to ventilatory support, including ventilator-associated pneumonia (VAP), acute respiratory distress syndrome (ARDS), barotrauma, and pulmonary edema. These complications often lead to prolonged hospital stays and increase mortality and morbidity. [1] [2] [3] [4] Ventilator-associated pneumonia is associated with an increased duration of mechanical ventilation, increased length of stay in the intensive care unit (ICU), and increased mortality. [5] [6] [7] These outcomes have driven many investigators to study interventions that can reduce the risk of VAP. Additionally, institutional VAP rates have historically been an important quality and safety metric, although limitations exist when using this outcome as a measure to compare facilities. [8] [9] [10] Many practices, including elevation of the head of bed (HOB), routine oral care (including the use of chlorhexidine swabs and teeth brushing), hypopharyngeal suctioning, and daily spontaneous awakening and breathing trials, have been noted to reduce the risk of VAP. 11 These practices are commonly deployed together as part of a ventilator bundle, and in many studies ventilator bundles have been associated with a reduction in VAP rates. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] In 2007, our institution developed a real-time ventilator bundle compliance dashboard that tracks the status of all bundle practices and serves to remind bedside caregivers when a specific practice is due. A major advantage of this approach is that it captures compliance over the entire duration of ventilation in real time as opposed to other methods such as spot audits. Our data suggest that deployment and real-time monitoring of a ventilator bundle led to a sustained reduction in VAP rates.
Prior to 2013, surveillance for ventilator-associated complications was limited to VAP. The surveillance definition for VAP was neither sensitive nor specific and relied on considerable subjectivity. 9, 29, 30 Therefore, in January 2013, the Centers for Disease Control and Prevention (CDC) retired the VAP surveillance definition for adult patients and released new definitions for ventilator-associated events (VAEs). Ventilatorassociated events comprise several subcomponents including ventilator-associated complications (VAC), infectionrelated ventilator-associated complications (IVAC), and probable ventilator-associated pneumonia (PVAP), each defined by objective criteria that are increasingly stringent from VAC to IVAC to PVAP. While ventilator bundles have been shown in some studies to be associated with a reduction in VAP rates, data on their impact on VAEs are lacking. The primary objective of this study was to determine whether noncompliance to the ventilator bundle is a risk factor for the development of VAEs.
methods

Institutional Ventilator Bundle and Compliance Dashboard
The development of our institutional ventilator bundle and compliance dashboard has been previously described. 28 The ventilator bundle includes elevation of the head of the patient's bed between 30°and 45°, daily assessment of readiness for a spontaneous breathing trial (SBT), SBT completion (if ready), both target setting and assessment of the Richmond Agitation Sedation Scale (RASS) score, oral care (including hypopharyngeal suctioning, oral chlorhexidine swabbing, and teeth brushing), stress ulcer prophylaxis, and deep vein thrombosis (DVT) prophylaxis. Although it is a part of the bundle, stress ulcer prophylaxis and DVT prophylaxis were excluded from this analysis because these measures were not intended to reduce VAP.
Every 5 minutes, the compliance dashboard flags bundle components as green (fully compliant), yellow (soon to fall out of compliance), and red (out of compliance) as described previously. 28 We calculated the percentage of total ventilator time in which each individual component of the bundle was marked green or yellow (ie, percent compliant). We also calculated an overall bundle score to indicate the percentage of ventilator time in which all components of the bundle were in compliance. Such bundle scores were separately calculated to indicate bundle compliance for 3 and 7 days prior to VAE onset (or match date for controls). We also examined the specific impact of oral care practices by calculating 3-and 7-day oral care scores, which indicated the percentage of time all oral care components were in compliance.
Study Population
The primary study base for this nested case-control study was all adult ICU patients who were mechanically ventilated at any point during calendar years 2013 and 2014. The ICUs at our urban tertiary-care academic medical center include medical, surgical, cardiovascular, neurological, burn, and trauma units. Patients were excluded if they were not on a ventilator for at least 3 days because a patient must have at least 2 days of stable positive end-expiratory pressure (PEEP) and fractional inspired percentage of oxygen (FiO 2 ) followed by 2 days of worsening of these measures to qualify as a VAE. Cases and controls were excluded from analysis if they were intubated for >1 calendar day prior to transfer to our hospital or were in our palliative care unit (where the ventilator bundle dashboard is not active).
The Vanderbilt Institutional Review Board approved this study.
Selection of Cases
Initial VAE case-finding was carried out in real time by the Vanderbilt Infection Prevention Electronic Resource (VIPER), an infection surveillance program that monitors electronic ventilator records for changes in FiO 2 and PEEP that may be consistent with a VAE. Cases were confirmed and adjudicated by infection preventionists (IPs) according to CDC definitions. The IPs were blinded to patient-specific ventilator bundle compliance. Follow-up for patients terminated when they developed their first VAE during the study period (ie, only the first VAE for any patient was included in the study).
Selection of Controls
Controls were randomly selected from those at risk of developing a VAE with at least as many days since intubation as the onset of the VAE for the case. Controls were also matched by type of ICU given underlying differences in these populations. Cases and controls were matched at a 1:4 ratio. Each case had a defined number of days between intubation and the day of the VAE onset. Each control was thus assigned a "match date" that allowed the period of ventilation prior to their match date to equal the same ventilator period of interest to its matched case. All ventilator bundle data reported are referenced to the date of VAE onset for cases and the match date for controls.
Statistical Considerations
We anticipated 250 cases with controls matched in a 1:4 ratio. Based on a small internal sample, we estimated a within-group standard deviation of 0.25. If the true difference in the experimental and control means (not accounting for matching) were 0.05, we would have 81% power to reject the null hypothesis with a type 1 error of 0.05. P values < .05 were considered statistically significant. To account for matching, conditional logistic regression models were used, and odds ratios were reported for univariate analyses. For univariate age comparisons, paired t tests were conducted using the mean of matched controls. A multivariate conditional logistical regression analysis was also conducted; it included age and gender a priori as well as candidate variables with a P < 0.15 in univariate analysis. All analyses were performed in Stata IC 13 software (StataCorp, College Station, TX).
Sensitivity Analyses
Because most previous work on the ventilator bundle investigated the impact on VAP, there may not be a significant role in preventing other clinical entities such as pulmonary edema, ARDS, and atelectasis, which may lead to VAEs. 31 Including all VAEs could bias this study towards the null, and as such, we planned an analysis to only include IVACs and PVAPs because they may be more likely to describe pneumonia.
results
There were 301 cases of VAEs at our institution between January 1, 2013, and December 31, 2014. Of these cases, 17 were excluded from analysis because those patients were intubated for >1 calendar day prior to transfer to our institution. In addition, 7 VAE cases were excluded because they occurred in patients who had already had a VAE during the study period. We excluded 1 patient because the VAE occurred in the palliative care unit where the ventilator dashboard was not active. Furthermore, 3 cases were excluded due to the ventilator dashboard failing to capture the ventilator bundle data. A total of 273 cases remained for analysis, along with 984 controls. Of these cases, 137 were VAC only and 136 were IVAC or PVAP. The trauma ICU had the highest number of VAEs (n = 85), with another 46 cases in the cardiovascular ICU, 45 in the medical ICU, 44 in the neurosurgical ICU, 36 in the surgical ICU, and 17 in the burn ICU.
The mean ages were 54.4 years for cases and 55.0 years for controls (P = .66); 68% of cases were male, and 62% of controls were male (P = .09). The mean time to VAE was 7 days. The mean overall bundle scores were 0.73 for cases and 0.70 for controls in the 3 days prior to VAE onset or match day, and the mean oral care scores were 0.80 for cases and 0.79 for controls. Individual components of the bundle ranged in mean compliance from 0.83 to 0.99 (see Supplemental Material).
The odds ratios (ORs) and 95% confidence intervals for ventilator bundle compliance for 3 days prior to VAE onset (or match date for controls) are shown in Figure 1 . There was no association between overall bundle scores and risk of VAE in the 3 days prior to VAE onset (OR, 1.15; P = .34). Also, we detected no association between the risk of VAE and the oral care score for 3 days prior to VAE onset (OR, 1.13; P = .38). Of all the individual components of the ventilator bundle, compliance with oral chlorhexidine was the only component associated with VAE risk. Compliance with oral chlorhexidine care was associated with a higher risk of VAE using cumulative compliance 3 days prior to the VAE (OR, 1.45; P = .007).
The amount of time needed from a lapse in care to lead to the onset of a VAE is unknown. We thus performed a similar analysis but extended the period of interest to include up to 7 days prior to the event or match date (Figure 2 ). Of the 273 cases, 107 were intubated for at least 7 days prior to VAE and were able to be included in this analysis along with their matched cases. Overall bundle score (OR, 0.96; P = .83), oral care score (OR, 1.10; P = .55), and individual component figure 1. Odds ratios (bold) with 95% confidence interval (italics) for ventilator-associated event (VAE) risk by ventilator bundle component compliance 3 days prior to the VAE. NOTE. SBT, spontaneous breathing trial; RASS, Richmond Agitation Sedation Score; HOB, head of bed. associations with VAE did not change. Compliance with oral chlorhexidine care remained a risk factor for VAE (OR, 1.42; P = .03) when extending the compliance to 7 days.
As IVACs and PVAPs could be more likely to be of infectious etiology than all types of VAEs, we performed an analysis limited to these 2 VAE types. The results for this analysis, however, were similar to those of the all-VAE analysis ( Figure 3) . Compliance with chlorhexidine mouth swabs was again associated with increased risk of VAE (OR, 1.73; P = .0006).
Finally, a multivariable analysis including age, gender, and compliance with chlorhexidine mouth swabs for 3 days prior to the event or match date was conducted, and the association with compliance with chlorhexidine mouth swabs persisted (OR, 1.45; P = .008) ( Table 1) .
discussion
We did not find an association between increased bundle compliance and reduced risk of VAE. Compliance with chlorhexidine oral swabs, however, was associated with an increased risk of developing a VAE, a finding that held when examining the subset of VAE including IVAC and PVAP. Recent studies have suggested that the use of oral chlorhexidine may be associated with increased mortality. 32, 33 Some authors have suggested this may be due to aspiration of chlorhexidine, which can lead to lung injury. Other studies, however, suggest that chlorhexidine oral care may protect against PVAP. 34 As PVAP is dependent on the variable practices of the decision to obtain a respiratory culture, we did not perform a subgroup analysis on PVAP alone.
Prior studies examining the impact of ventilator bundles have largely shown reductions in rates of VAP as it was previously defined. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] A previous study at our institution implementing the same ventilator dashboard utilized in this study showed that VAP rates decreased significantly with the rollout of the ventilator bundle. 28 VAPs and VAEs are different outcomes; however, previous research has shown that the entities often have little overlap. 35 The ventilator bundles currently employed by many hospitals are largely untested against the prevention of VAEs. There was no VAE surveillance at the time of many ventilator bundle rollouts, including the one in this study. Thus, we were unable to determine whether implementation of the ventilator bundle would lead to a similar change in rates of VAEs. In this study, however, we were able to determine that the VAEs that still occur in this institution are not associated with significant lapses in bundle adherence.
This study has several limitations. We were unable to control for severity of illness, which has confounding potential, though the direction of the potential bias is unknown. To limit confounding, patients were matched according to ventilator time and ICU type. We are therefore unable to determine whether components of the ventilator figure 2. Odds ratios (bold) with 95% confidence interval (italics) for ventilator-associated event (VAE) risk by ventilator bundle component compliance 7 days prior to the VAE. NOTE. SBT, spontaneous breathing trial; RASS, Richmond Agitation Sedation Score; HOB, head of bed.
bundle may be more effective in certain ICU populations or in the prevention of early versus late VAEs. Compliance to the ventilator bundle was high in this study in both cases and controls. This finding suggests that improvements from previous interventions, such as implementation of the ventilator bundle dashboard, have been sustained. High rates of compliance, however, do limit our ability to detect a difference in the exposure of interest in this study. Our results suggest that VAEs that occur at this institution are not driven by noncompliance to the ventilator bundle. For institutions in which ventilator bundle compliance is already high, there may be greater benefit in focusing efforts on other VAE risk factors such as fluid balance and choice of ventilatory modes. 35, 36 It is unclear what level of compliance (ie, the "dose") might be adequate to lead to protection from either the previously defined VAP or the current framework of VAE. Previous studies compared rates of VAP before and after implementation of ventilator bundles, but optimal intervals for interventions have not been well studied. Although our bundle scores are able to quantify the degree of compliance for an individual patient, they are unable to differentiate between infrequent yet prolonged periods of noncompliance versus more frequent but shorter periods of noncompliance.
To further reduce VAEs, it may be time to add new components to ventilator bundles, to develop new approaches to VAE prevention, and to further study the impact of chlorhexidine oral care. Because VAEs require FiO 2 and PEEP changes to be sustained for 2 days, early VAE warning systems that signal a patient's respiratory decline coupled with interventions to reduce pulmonary edema, atelectasis, and secretions may also have potential to provide value in this setting. Potential conflicts of interest: All authors report no conflicts of interest relevant to this article. 
